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In an effort to overcome this lack of avaaability of 
REllNOIC AC3D RECEPTOR METHOD receptor proteins, co-pending application U.S.S,N. 

108,471, which has been assigned to the Salk Institute 
ACKNOWLEDGMENT for Biological Studies, assignee of the present applica- 

•lim invention was made with government support 5 don, discloses cloned genes for a variety of receptor 
under a grant from the National Institutes of Health proteins, including glucocorticoid-, thyroid-, mineraio- 
(Grant No GM 26444). corticoid- and new steroid-related receptors. U.S.S.N 

^ ' 108,471 further discloses detailed biochemical charac- 

RELATED APPUCATION terization of these molecules which shows that the re- 

This is a contmuation-in-part appfication of U.S.S.N. 10 ceptor proteins contain discrete DNA- and ligand-bind- 
128,331 ffled Dec. 2, 1987, now abandoned. ing.domains. (Portions of U.S.S.N. 108,471 have been 

published; for portions relating to cloning of the gluco- 
FIELD OF THE INVENTION corticoid receptor and characterization of this molecule 

The present invention relates generally to Kgand- into discrete domains, see Hollenberg, et aL (1985) and 
responsive regulatory proteins and genes encoding ^5 Qiguere, et al.. (1986); for other related work regarding 
them. More particularly, the present invention relates to receptors, see Hollenberg, et al., (1987), Green, et aL, 
retinoid related regulatory protems and genes encoding (1986), Green and Chambon, (1987), Kumar, et aL, 
then, modification of these and other regulatory ptote- (1987). Miesfdd, et al., (1987) and Evans (1988)). 
ins and genes by recomlMnant DNA and other genetic Further with regard to biochemical characterization 
engineering techniques, plus uses of the retinoid related ^0 of the receptors, sequence analysis of the human gluco- 
regulatory proteins and genes, both unmodified and corticoid receptor gene revealed homology with the 
modified. product of the v-erb-A oncogene of avian erythroblas- 

In ad<fition the invention relates to a novel method tosis virus (AEV) (see Weinberger, et al., (1985)). This 
for identifying functional ligands for ligand-re^nsive group and others subsequently demonstrated the cellu- 
protems. This method is especially useful for identifying ^ lar homolog of v-erb-A to be the beta thyroid hormone 
functional ligand(s) for newly discovered receptor pro- receptor (see Wemberger et al., (1986) and Sap, et al., 
teins. The method is exemplified in part by showing that (1986)). . ^ . 

a vitamin A related morphogen, retinoic acid, is a func- The discovery that the DNA-bmding domam of the 
tional Hgand for a nevvly discovered retinoid receptor steroid and thyroid hormone receptors is highly con- 
protein, served raised the question of whether this segment 

might be diagnostic for related Kgand inducible tran- 
BACKGROUND OF THE INVENTION scription factors. It also raised the question of whether 

A central problem m eukaryotic molecular biology the DNA sequences encoding these domams might be 
continues to be elucidation of molecules and mecha- 35 used as hybridization probes to scan the genome for 
nisms that mediate specific gene regulation in response related, but novel, ligand-responsive receptors. Utiliz- 
to exogenous mducers such as hormones or growth ing this approach, our group at the Salk Institote has 
factors. Althou^ nmch remams to be learned about the identified several new gene products. As is shown m 
specifics of such mechanisms, it is known that exoge- U.S.S.N, 108,471, one is the human aldosterone recep- 
nous inducers such as hormones modulate gene tran- 40 tor (hMR, ATCC No. 67201) (see Arriza, et al., (1987) 
scription by acting in concert with intracellular compo- for the published version of this portion of U.S.S.N. 
nents, mcluding mtraceUuiar receptors and discrete 108,471); a second is a novel thyroid hormone receptor 
DNA known as hormone response elements or HRE's. expressed at high levels in the rat central nervous sys- 
More specificany, it is known that hormones like the tern (rTR alpha, ATCC No. 67281) (see Thompson, et 
glucocorticoid and thyroid hormones enter cells by 45 aL, (1987) ior the published version of this portion of 
facilitated diffusion. It is also known that the hormones U.S.S.N. 108,471). 

then bmd to specific receptor proteins, thereby creating This disclosure describes the isolation and character- 
a hormone/receptor complex. The binding of hormone ization of a cloned fuH-Iength cDNA encodmg a novel 
to the receptor is believed to initiate an alosteric alter- retinoid receptor protein with homology to the DNA- 
ation of the receptor protein. As a result of this alter- 50 bmdmg and ligand-bmding domains of the steroid and 
ation, it is beHeved that the hormone/receptor complex thyroid hormone receptors. In addition the construc- 
is capable of bmding with high affinity to certain spe- tion and characterization of chimenc receptors made by 
cific sites on the chromatin DNA. Such sites, which are "swappmg** functional domains between the glucocor- 
referred to in the art by a variety of names, including ticoid, the mmeralocorticoid, the thyroid, the estrogen- 
hormone response elements or HRE's, modulate expres- 55 related, and the retinoic acid receptora is descnbed. 
sion (transcription of RN A) of nearby target gene pro- These chmieric receptors have hybnd functional char- 
jootexs. acteristics based on the "origin" of tiie "parental" 

A major obstacle to further understandmg the specif- DNA-bmding and ligand-bindmg domams mcorporated 
ics of gene regulation by exogaious inducers such as within the chhneras. For example, if the DNA-binding 
hormones has been the lack of availabiHty of receptor 60 domam m the chimeric receptor is a retinoic acid recep- 
proteins m sufScient quantity and purity to allow such tor DNA-binding domain (ie., is obtained from wild- 
proteins to be adequately analyzed and characterized type retinoic acid receptor or is a mutant that contdns 
This same lack of availability has thwarted the use of the functional elements of retinoic add DNA-binding 
receptors in diagnostic assays to determine the presence domain), then the chimera will have DNA-bindmg 
of exogenous inducers (^.g., the hormones) in various 65 properties characteristic of a retinoic acid receptor. The 
body fluids and tissues, as well as their use as "proto- same is true of the Mgand-bmding domain. If the ligand- 
types" for engineering chimeric receptor protein ana- binding domam in die chimeric receptor binds to thy- 
iQgs^ roid hormone, then the chimera will have ligand-bmd- 
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ing properties characteristic of a thyroid hormone re- As used herein, RR and RAR both mean retinoic acid 
ceptor. receptor. The acronyms, hRR and hRAR, mean human 

This disclosure also describes a new method for iden- retinoic acid receptor. The DNA referred to as 
tifying functional ligands for ligand-responsive receptor phRARa codes for human retinoic acid receptor alpha, 
proteins. The method is illustrated by showing (1) that 5 hRARa is encoded by deposited phRARl which has 
the retinoid, retinoic acid and its metabolic precurser, been accorded ATCC No. 40392. The DNA refrrred to 
retinol, are functional ligands for the newly discovered as hRAR^ encodes human retinoic acid receptor beta, 
receptor protein, and (2) that the DNA- and iigand- See Brand et al., (1988). 

binding domains determine the functional characteris- As used herein, GR means glucocorticoid receptor, 
tics of the chhneric receptors. 10 The DNA referred to as hGR codes for human gluco- 
^ ^„ ^„ , ,„x*T.^r. corticoid receptor GIR. hGR is encoded by deposited 

BRIEF DESCRIPTION OF THE DRAWINGS p^^ghGR which has been accorded ATCC No. 67200. 

The followmg is a brief description of the drawings. As used herem, MR means mineralocorticoid recep- 
More detailed descriptions are found in the section of tor. The DNA referred to as hMR codes for human 
the specification labeled, "Detailed Description of the 15 mineralocorticoid receptor MR. hMR is encoded by 
Drawings". deposited pRShMR which has been accorded ATCC 

FIGURE 1 (A and B) is a drawing which shows the No. 67201. 
DNA nucleotide sequence and the primary protem As used herein, TR means thyroid receptor. TRalpha 
sequence of phRARa. FIG. lA shows the composite and TRbeta refer to the alpha and beta forms of the 
structure of phRARa aligned with a line diagram of 20 thyroid receptor. The DNA's referred to as c-erb-A, 
some restriction endonuclease cleavage sites. FIGS. herb-A S.7, peAlOl, rbeA12, and hFAS all code for 
IB^l, lB-2 and lB-3 show the complete nucleotide thyroid receptors. Plasmid pherb-A 8.7 encodes hTRa; 
sequence of phRARa and its primary amino acid se- it has been deposited for patent purposes and accorded 
quence. ATCC No, 40374. Plasmid peAlOl encodes hTRj3; it 

FIG. 2 (A and B) is composed of a drawing and a 25 has been deposited for patent purposes and accorded 
blot. FIG. 2A is a drawmg which illustrates construe- ATCC No. 67244. Plasmid rbeA12 encodes rTRa; it 
tion of the chimeric receptor hRGR, FIG. 2B is a blot has been deposited for patent purposes and accorded 
which illustrates induction of CAT activity by retinoic ATCC No. 6728 1. Plasmid phFAS encodes a partial 
acid. clone of hTRa that has a deletion in the "ligand-bind- 

FIG. 3 (A and B) is composed of two graphs. FIG. 30 ing" region of the clone (i.e., the DNA that codes for 
3A is a graph illustratmg dose-response to retinoids. the carboxy terminal end of the receptor protein). Plas- 
FIG. 3B is a bar graph illustrating retinoic acid binding mid phFAS has been accorded ATCC No. 40372. 
to cytosol extracts of transfected COS-1 cells. As used her^n, ERR means estrogen-related recep- 

FIG. 4 (A and B) shows a Southern blot analysis of tor. The acronyms, hERRl and hERR2 refer to human 
human genomic DNA. FIG. 4A shows digested human 35 estrogen-related receptors 1 and 2. These receptors are 
placenta DNA hybridized under stringent conditions; more related to steroid receptors than to the thyroid 
FIG. 4B shows the same DNA hybridized under non- receptors, yet they do not bmd any of the major classes 
stringent conditions. of loiown steroid hormones (Giguere, et al, 1988). 

FIG. 5 shows a Northern blot analysis of retinoic acid hERRl is encoded by deposited plasmids pE4 and 
receptor mRNA in rat and human tissues. 40 pHKA, which have been accorded ATCC Nos. 67309 

FIG. 6 is a schematic drawing which shows a com- and 67310, respectively. (Neither pE4 or pHKA are 
parison of hGR, hRR and hTsRa. complete clones; hERRl is constructed by joining seg- 

FIG. 7 is a schematic diagram of a generalized ste- ments from both clones.) hERR2 is encoded by depos- 
roid/thyroid/retinoic acid receptor gene. ited plasmid phH3 which has been accorded ATCC No. 

FIG. 8 is a schematic drawing that shows amino add 45 40373. 
comparison of members of the steroid hormone recep- As used herein, VDR means vitamin D3 receptor, 
tor superfamily. As used herein, MTV means mammary tumor virus; 

FIG. 9 is a schematic drawing that shows the struc- MMTV m«ms mouse mammary tumor virus, 
ture and activity of chimeric thyroid/glucocordcoid As used herem, RSV means Rous sarcoma virus; SV 
receptors. 50 means Susian virus. 

As used herein, CAT means chloramphenicol acetyl- 
DEHNmONS transferase. 

In the present specification and claims^ reference will As used herein, luciferase means Srefly luciferase. 
be made to phrases and terms of art which are expressly See, de Wet, I.R., Wood, K.V., DeLuca, M., Helinski, 
defined for use herem as follows: 55 D.R., and Snbramani, S., MoL Cell. Biol. 7: 725-737 

As used herein,- the generic term "retinoids'' means a (1987). 
groupofcompounds which mcludesretmoic acid, vita- As used herem, COS means monkey kidney cells 
min A (retinol) and a series of natural and synthetic which express T antigen (Tag). See Gluzman, CAT, 
derivatives that can exert profound effects on develop- 23:175 (1981). COS ceils are receptor-deficient cells that 
ment and differentiation in a wide variety of systems. 60 are useful in the fimctional Iigand identification assay of 

As used herein, species are identified as follows: h, the present invention, 
humai^ r, rat; m, mouse; c, chicken; and d, Drosophilia. As tzsed herein, CV-1 means mouse kidney ceUs from 

As used herein, "steroid hormone superfamily of the cell line referred to as "CV-1" CV-1 is the parental 
receptors** refers to the class of related receptors com- Ime of COS. Unlike COS cells, which have been trans- 
prised of glucocorticoid, mineralocorticoid, progester- 65 formed to express SV40 T antigen (Tag), CV-1 cells do 
one, estrogen, estrogen-related, vitamin D3, thyroid, not express T antigen. CV-1 cells are receptor-deficient 
v-erb-A, retinoic acid and E75 O^rosophiiia) receptors. cells that are also useful in the f\mctional Iigand identifi- 
See Evans (1988) and the references cited therein. cation assay of the present invention. 
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As used herein, the generic terms of art, ''hormone 
response elements" or "HRE's", "transcriptional con- 
trol units", *'hormone responsive promoter/enhancer 
elements", "enhancer-like DNA sequences" and "DNA 
sequences which mediate transcriptional stimulation"^ 
all mean the same thing, namely, short cis-acting se- 
quences (about 20 bp in size) that are required for hor- 
monal (or ligand) activation of transcription. The at- 
tachment of these elements to an otherwise hormone- 
nonresponsive gene causes that gene to become hor- 
mone responsive. These sequences, referred to most 
frequently as hormone response elements or HRE*s, 
function m a position- and orientation-mdependent fash- 
ion. Unlike other enhancers, the activity of the HRE's is 



10 



"functionally linked" means that when the DNA seg- 
ments are joined, upon appropriate activation, the re- 
porter gene (e..g., CAT or luciferase) will be expressed. 
This expression occurs as the result of the fact that the 
"ligand responsive promoter" (which is downstream 
from the hormone response element, and "activated" 
when the HRE binds to an appropriate ligand/receptor 
protein complex, and which, in turn then "controls** 
transcription of the reporter gene) was "turned on" or 
otherwise activated as a result of the bindmg of a ligand- 
/receptor protein complex to the hormone response 
element 

As used herein, the phrase "DNA-binding domain" 
of receptors refers to those portions of the receptor 



ceptor, mineralocorticoid receptor, estrogen-related 
receptor and retindc acid receptor) that bind to HRE 
sites on the chromatiii DNA. The boundaries for these 
DNA-binding domains have been identified and charac- 
terized for the steroid hormone superfamily. See FIG. 
8; also see Giguere, et aL, (1986); HoHenberg, et al., 
(1987); Green and Chambon (1987); and MiesMd, et 
al., (1987), Evans (1988). 

The boundaries for the DNA-binding domams for 
various steroid hormone superfamily receptors are 
shown m FIG. 8; the boundaries are as follows: 



dependent upon the presence or absence of Kgand. (See 15 proteins (such as glucocorticoid receptor, tiiyroid re- 
Evans (1988) and the references cited therein.) In the *^ - 
present specification and clanns, the phrase "hormone 
response element" is used in a generic sense to mean and 
embody the toctional characteristics implied by all 
terms used in the art to describe these sequences. 20 

As used herein, synthetic HRE's refer to HRE's that 
have been synthesized in vitro using automated nucleo- 
tide synthesis machines. Since the HRE's are only about 
20 bp in size, they are easily synthesized in this mmmer. 
If wild-type, engineered or synthetic HREs are linked 25 
to hormone-nomresponsive promoters, these promoters 
become hormone responsive. See Evans (1988) and the 
references cited therein. 

As used herein, the acronym GRE means glucocorti- 
coid response dement and TRE means thyroid receptor 30 
response element. GRE's are hormone response ele- 
ments that confer glucocorticoid responsiveness via 
interaction with the GR. See Payyar, et al.. Cell, 35:381 
(1983) and Schiedereit, et; al.. Nature, 304:749 (1983). 
GRE's can be used with any wild-type or chimeric 35 
receptor whose DNA-binding domain can functionally 
bind ^Le., activate) with the GRE. For example, since 
GR, MR and PR receptors can all activate GRE's, a 
GRE can be used with any wild-type or chimeric recep- 
tor that has a GR, MR or PR-type DNA-binding do- 40 
main. TRE's are similar to GRE's except that they 
confer thyroid hormone responsiveness via interaction 
with TR. TRE's can be used with any wild-type or 
chimeric receptor whose DNA-binding domain can 
functionally bind (i.e., activate) with the TRE. Both TR 45 
and RR receptors can activate TRE's, so a TRE can be 
used with any receptor that has aTR or RR-type DNA- 
binding domain. jjig DNA-bmding domains of the steroid hormone 
As used hereia, Hgand means an inducer, such as a superfamily of receptors consist of an amino segment 
hormone or growth substance, inside a cell die ligand 50 ^^^^ ^cids in length. This 
binds to a receptor protein, thereby creatmg a hgand- ^ - — - 
/receptor complex, which in turn can bind to an appro- 
priate hormone response element Single ligands may 
have multiple receptors. For example, botii the TaRa 
and the TsR^ bind thyroid hormone such as Tj. 55 

As used herein, the word "operative", in the phrase 
"operative hormone response element functionally 
linked to a ligand-responsive promoter and an operative 

reoorter gene", means that the respective DNA sequen- ^ . . ^ ^ 

cer(represented by the terms "hormone response ele- 60 the DNA-bmdmg domam can be switched along with 
ment", "Hgand-responsive promoter"and "reporter tiie DNA-binding domam. . ^. ^ 

gene") are operational, i.e., tiie hormone response ele- As used herein, the phrase ^Oigand-bmdmg domam 
ment can bind with tiie DNA-bindmg domain of recep- region" of receptors refers to those portions of the re- 
tor protein (either wild-type or chimeric), the ligand- ceptor protems that bmd to ligands such as growth 
responsive promoter can control transcription of tiie 65 substances or horuones. These boundaries of the ligand- 
reporter gene (upon appropriate activation by a HRE/- binding domains for the steroid receptor superfamily 
receptor protein/ligand complex) and the reporter gene have been identified and characterized. See FIG. 8 and 
is capable of being expressed in the host celL The phrase Evans (198 8). 



liGR (pRShGR) 


nucleodde 1393 to 1590 


amino add 421 to 486 




(See ATCC #67200) 


hTRb <peA101) 


nt»;leotide 604 to 807 


amino add 102 to 169 




(See ATCC #67244) 


hTRa (pherb-A8.7) 


nucleotide 16S to 372 


amino actd 50 to U7 




(See ATCC #40374) 




amino add 291 to 35S 




(See ATCC #67281) 


ERRl (pE4 & 


amino add 176 to 241 


pHKA) 


(See ATCC #67309 & #67310) 


ERR2 (phH3) 


amino acid 103 to 168 


See ATCC #40373) 


hMRCpRShMR) 


nucleotide 2029 to 2226 


amino acid 603 to ^8 




(See ATCC #67201) 


hRARa Oihl^R-O 


nudeotide 364 to 561 




amino acid 88 to 153 




(See ATCC #40392) 



segment contains 9 cysteine residues, one of which is 
the first ammo acid of the segment. This first Cys resi- 
due begins a motif described as Cys-X2-Cys-Xi3-i5-Cys- 
X2-Cys, where X is any amino acid residue. The DNA- 
binding domain invariably ends with the amino acids 
Gly-Met. 

For convenience in the cloning procedure, between 1 
and 6 amino acid residues preceding and/or following 
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The ligand-binding domains for the various receptors 
are shown in FIG. 8; some of those domains are as 
follows: 



hGR<pRShGR) 


amino acid 528 to 777 


(Sec ATCC #67200) 


hTRb(peA101) 


amino acid 232 to 456 


(See ATCC #67244) 


hTRa (i>herb-A8.7) 


amino acid 183 to 410 


(See ATCC #40374) 


rTR(rbeAI2) 


amino acui 421 to 639 


(See ATCC #67281) 


ERRl(p£4& 


amino acid 295 to 521 


pHKA) 


(See ATCC #67309) 


ERR2(phH3) 


amino add 212 to 433 


(See ATCC #40373) 


liMR(pRShMR) 


amino add 734 to 984 


(See ATCC #67201) 


hRARa (pfaRARl) 


amino add 198 to 462 


(See ATCC #40392) 
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Common restriction endonudease sites must be intro- 
duced into receptor cDNA clones to allow exchange of 
functional domains between receptors. In any of the 
various receptors referred to in FIG. S, the first com- 
mon site can be introduced immediately preceding the 
DNA-binding domain, the second common site immedi- 
ately following it. (For example, in any of the steroid 
hormone superfamily of receptors that are shown in 
FIG* 8, a unique Not! site can be introduced immedi- 
ately preceding the DNA-binding domain and a unique 
Xhol site can be introduced immediately following it. 
This divides the receptors into three functional regions 
or "cassettes"; (1) an N-terminus cassette, (2) a DNA- 
binding domain cassette, and (3) a ligand-binding do- 
main cassette. The three regions or cassettes from any 
one receptor can be combined with cassettes from other 
receptors to create a variety of chimeric receptors. 

As used herein, the nomenclature used to identify the 
chhneric receptors is as follows: The various functional 
domains (N-tenninus, DNA-binding and ligand-bind- 
ing) are identified according to the "parental** receptor 
from which they originated. For example, domains 
from GR are "G" domains; TR domains are "T** do- 
mains (unless otherwise further specified as being **Ta* 
or '*Ti" domains); MR domains are "M'* domains; RAR 45 
domains are "R" domains ( unless otherwise further 
specified as being "Ra" or "R^** domains), and ERR 
domains are *'E**'7rdomains (unless otherwise specified 
as being **Ei'* or domains). According to this 
. notation, unless otherwise specified, "T** is used generi- 
caHy to mean either the TsRa or the TaR^ receptors; 
"E" means either hERRl or hERR2; and "R" means 
either the RARa or the RAR)3 receptors. Wild-type 
receptors do not contain any exchanged domains, and 
so according to this notation system would be identified 55 
as G-G-G (or GGG), To-To-Ta (or TaTaTc), Tfr-T^Tt 
(or TbTbTb), M-M-M (or MMM), Ra-R«-R<, (or 
RflRflRa), R6-R6-R&(or R^R^Jt^), Ei-Ei-Ei or E2-E2-E2, 
where the first domam listed is the N-terminus domain, 
the middle domain is the DNA-binding domain, and the 60 
last domain is the ligand-binding domain. Any chimeric 
receptor will have functional domains from at least two 
wild-type or parental sources. For example, the chime- 
ric receptor GGRa would have N-termimus and DNA- 
binding domains from glucocorticoid receptor and the 65 
Hgand-binding domain from the alpha retinoic acid 
receptor; GTaRb would have the N-terminus from glu- 
cocorticoid, the DNA-binding domain from thyroid 



receptor alpha and the ligand-binding domain from 
retinoic acid receptor beta. 

As used herein, hGRivar, hTRjSivx, and hRRiscr refer 
to hGR, hTRjS and hRR receptors diat have been engi- 
neered to contain the unique sites for NotI and Xhol 
flanking the boundaries for the DNA-binding domains 
in these receptors. These mutant receptors exemplify 
construction of hybrid receptors that are comprised of 
all poss&le combinations of amino termini, DNA-bind- 
ing domains, and ligand-binding domains from hGR, 
hMR. hERRl, hERR2, hTRa, hTRft rTRo, hRARo, 
andhRAR)3. 

As used herein. Southern blot analysis refers to a 
procedure for transferring denatured DNA from an 
agarose gel to a nitrocellulose filter where it can be 
hybridized with a complementary nucleic acid. 

As used herein, Northern blot analysis refers to a 
technique for transferring RNA from an agarose gel to 
a nitroceUulosc filter on which it can be hybridized to 
complementary DNA. 

As used herein, "mutant** DNA of the invention re- 
fers to DNA which has been genetically engineered to 
be different from the '"wild-type*' or unmodified se- 
quence. Such genetic engineering can include the inser- 
tion of new nucleotides into wild-type sequences, dele- 
tion of nucleotides from wild-type sequences, substitu- 
tion of nucleotides in the wild-type sequences, or 
"swapping** of functional donmis from one receptor to 
another. Receptors that have been engineered by 
"swapping" functional domains from one receptor to 
another are also referred to as chimeric or hybrid recep- 
tors. Chimeric receptors can be further engineered to 
include new nucleotides, deletion of nucleotides, substi- 
tution of nucleotides, etc. 

Use of the term "substantial sequence homology" in 
the present specification and claims means it is intended 
that DNA, RNA, or amino acid sequences which have 
slight and non-consequential sequence variations from 
the actual sequences disclosed and clauned herein are 
within the scope of the appended claims. In this regard, 
the "slight and nonconsequential" sequence variations 
mean that the homologous sequences will function in 
substantially the same manner to produce substantially 
the same compositions as the nucleic acid and amino 
acid compositions disclosed and clauned herein. 

As used herein, the tercti "recombinantly produced** 
means made using genetic engineering techniques, not 
merely purified from nature. 
The amino adds which comprise the various amino 
50 acid sequences appearing herein may be identified ac- 
cording to the following three-letter or one-letter ab- 
breviations; 



Amino Acid 



Three-Letter 
Abbre^natian 



One-Letter 
Abbreviation 



L * Alsmnc 
L - Argimne 

- Asparagine 

- A^yartic Acid 

• Cysteine 
> Glutaminc 

• Glutamic Add 

- Histidine 

- Isoleucine 
L • Leucine 
L - Lyane 

L • Methionine 
L - Phcnyialamne 
L - Proline 
L - Semie 



Ala 
Arg 
Asn 
Asp 
Cys 
Gin 
Glu 
His 
Ue 
Lett 
Lys 
Met 
Phe 
Pro 
Ser 



A 
R 
N 
D 
C 
Q 
E 
H 
I 
L 
K 
M 
F 
P 
S 



p 
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Three-Letter 


One-Letter 


Amino Add 


Abbreviation 


Abbreviation 


L - Threonine 


Thf 


T 


L- Tryptophan 


Tip 


W 


L- Tyrosine 


Tyr 


Y 


X-Valine 


Val 


V 


L - Glycine 


Gly 


G 



"L-Glycine Gly G- 

The nucleotides which comprise the various nucleo- 
tide sequences appearing herein have their usual single- 
letter designations {A, G, T, C or U) used routinely in 



capable of being expressed into retinoic acid receptor 
protein. 

In another aspect, the invention comprises a single- 
stranded DNA, which is the sense strand of a double- 
5 stranded DNA coding for retinoic acid receptor pro- 
tein, and an RNA made by transcription of this double- 
stranded DNA. 

In another aspect, the invention comprises a plasmid, 
phRARl, which contains DNA coding for a retinoic 
10 add receptor protein of the present invention (RARa). 
This plasmid has been deposited with the American 
Type Culture Collection for patent purposes; it has been 
accorded ATCC No. 4039Z 
In stiH another aspect, the invention comprises a cell. 



the art. ^ , ^ 

As used herdn, bp means base pairs and kb means preferably a mammalian cell, transformed with a DNA 



kilobase pairs. 

In the present specification and claims, the Greek 
letters alpha (a), beta 03), etc. are sometimes referred to 
as a, b, etc. 

DEPosrrs 

Plasmids pRShGK (hGR), pRShMR (hMR). peAlOl 
(hTs3i3) and GMCAT, all of which are in E. co!i 
HBlOl, plus plasmids rebA12 (rTRa), pE4 and phKA 



coding for retinoic add receptor protein. According to 
this aspect of the mvention, the transforming DNA is 
capable of bemg expressed in the cell, thereby mcreas- 
ing the amount of retinoic acid receptor, encoded by 
20 this DNA, in the celL 

Further the invention comprises novel retinoic acid 
receptors made by expression of a DNA coding for 
retinoic acid receptor or translation of an mRNA tran- 
scribed from such a retinoic add receptor coding DNA. 



(which together encode hERRl), phH3 <hERR2), 25 According to this aspect of the invention, the retinoic 
pherb-A 8.7 (hTRa), phFA 8 (a partial clone of hTRa), acid receptors wiU be protein products of "unmodified" 
and plasmid phRARi have been deposited at the Ameri- retinoic acid coding DNA's and mRNA's, or will be 
can Type Culture Collection, Rockville, Maryland, modified or genetically engineered retinoic acid recep- 
U,S,A. (ATCC) imder the terms of the Budapest Treaty tor protein products which, as a result of engmeered 
onthelntemationalRecognitionof Deposits of Micro- 30 mutations in the receptor DNA sequences, will have 



organisms for Purposes of Patent Procedure and the 
Regulations promulgated under this Treaty. Samples of 
the plasmids are aind will be available to industrial prop- 
erty offices and other persons legally entitled to receive 
them under the terms of said Treaty and Regulations 35 
and otherwise in compliance with the patent laws and 
regulations of the United States of America and all 
other nations or international organizations in which 
this application, or an application claiming priority of 



one or more differences in ammo add sequence from 
the correspondmg naturally occurring **wild-type" reti- 
noic acid receptor proteins. Preferably these retinoic 
acid receptors, whether **umnodified" or "engmeered", 
will have at least about 5% of the retinoic add binding 
activity and/or at least about 5% of the DNA-binding 
or transcription-activating activity of the corresponding 
naturally occurring retinoic acid receptor. 
Further the invention comprises chimeric receptors 



this application, is filed or in which any patent granted 40 made by exchanging the functional domams of one 



on any such application is granted. 

The ATCC Deposit Numbers and Deposit Dates for 
the deposits are as follows: 



pRShGR (hGR) 
pRShMR(hMR> 
pE4 (hERRl*) 
; phHKA (hERRl*) 
phH3 (hERRl) 
GMCAT (reporter) 
pherfa-A 8.7 (hHU) 
phFA8(hTRa*) 
peAlOl (hTRb) 
prbeA12 (iTRa) 
phRARa QiRARa) 

(*ineaas a psztial ctane) 

ipE4 ft phHKA together encode complete hERRl) 



67200 


Sept. 9, 1986 


67201 


Sept. 9. 1986 


67309 


Jan. 30. 1987 


67310 


Jan. 30, 1987 


40373 


Sept 29, 1987 


67282 


Dec. 18. 1986 


40374 


Sept 29, J987 


40372 


Sept 29, 1987 


67244 


Oct 22, 1986 


67281 


Dec 18, 1986 


40392 


Nov. 20, 1987 



SUMMARY OF THE INVENTION 



receptor with fimctional domains of another type. The 
chimeric DNA*s thus produced encode chimeric recep- 
tor protdns that have functional characteristics based 
on the "origin" of their respective DNA- and ligand- 
45 binding domains. The chimeric receptors of the inven- 
tion include double-stranded DNA's that code for the 
chimeric receptors, as well as smgle-stranded DNA's 
which are the sense strands of the double-stranded 
DNA*s, and mRNA's made by tramcription of the dou- 
ble-stranded DNA's. The mvention also comprises 
cells, both eukaryotic and prokaryotic, that are trans- 
formed with chimeric receptors encoding DNA's of the 
invention. 

According to the chimeric receptor aspect of the 
invention, to effect the chimeric DNA fusions, two 
restriction endonuclease sites are introduced into each 
receptor cDNA at comparable locations in or near the 
DNA-bin<Hng domains in order to divide the receptor 
DNA's into three functional domains or regions, (For 



50 



55 



In one aspect, the present invention comprises a dou- 60 example, a unique NotI site can be introduced Immedi- 



ble-stranded DNA segment wherein the plus or sense 
strand of the segment contains a sequence of triplets 
coding forr the primary sequence of a protein which has 
ligand-binding and DNA-bindii^ (or transcription- 
activating) properties characteristic of a retinoid recep- 
tor protein referred to herdn as hr!man retinoic acid 
receptor protein. According to this aspect of the inven- 
tion, the double-stranded DNA segment is one which is 



ately preceding the DNA-binding domain and a unique 
Xhol site can be introduced immediately following it. 
This divides the receptors into three functional regions 
or "cassettes"; (1) an N-termmus cassette, (2) a DNA- 
65 binding domaJn cassette, and (3) a ligand-binding do- 
main cassette. The three regions or cassettes from any 
one receptor can be combined with cassettes from other 
receptors to create a variety of chimeric receptors. This 



4,981,784 

11 . 12 . . 

aspect of the invention is illustrated in the section of the another receptor protein, e.g., glucocorticoid receptor 
specification labeled "Detailed Description of the In- protein, thyroid receptor protein, mmeralocorticoid 
vention"*) receptor protein or retinoic acid receptor protein. Next 

In the present specificatim and claims, the chimeric a suitable receptor-deficient host ceD is transfected 
receptors (referred to also as chimera or hybrids) are 5 with: (1) the chimeric receptor gene, which is prefera- 
named by letters referring to the origm of the various bly carried on an expression plasmid, and (2) a reporter 
domains. Domams from hGR are referred to as "G" gene, such as the CAT gene or the firefly luciferase 
domains, domains from hTR are **T' domains, domains gene, which is also preferably carried on plasmid, and 
from hERR are "E** and domains from hRR are "R" which is referred to m U.S S.N. 180,471 as a reporter 
domams. For example, the chuneric receptor **RGR" 10 plasmid In any case, the reporter gene is functionally 
has the amino and carboxyl termini of hRR and the Knked to an operative hormone response element 
DNA-bindmg domain of hGR; the chimeric receptor (HRE) (either wild-type or engmeered) wherein the 
'•rGG** has the ammo terminus from hTR, and the hormone response element is capable of being activated 
DNA-buiding and carboxyl terminus from hGR. {In the by the DNA-bindmg domam used to make the chimeric 
diagram shown in FIG. 7, the amino terminus of the 15 receptor gene. (For example, if the cMmeric receptor 
receptor is referred to domain A/B and the carboxyl gene contains the DNA-binding domain region from 
terminus is referred to as domain E.) glucocorticoid receptor coding DNA, then the HRE 

Accordmg to the notation used in the specification should be a wild-type, an engineered, or a synthetic 
and claims, unless otherwise specified, 'T' is used ge- GRE, i.e., one that can be activated by the operative 
nerically to mean either the TsRa or the TsR^ receptor; 20 portion of the DNA-bmding region of a glucocorticoid 
"E** means either hERRl or hERR2; and "R" means receptor protein. If a thyroid receptor DNA-bindmg 
either the RARa or the RARiS receptor. domain region is used, then the wild-type or engineered 

Chimeric receptors of the invention mclude chimera HRE should be responsive to a thyroid (or retinoic 
having (1) an N-terminus domain selected from the acid) receptor protem, etc.) Next the transfected host 
group of wild-type receptors consistmg of hGR, hMR, 25 cell is challenged with a battery of candidate ligands 
hERRi, hERR2, rTRa, hTao, hTajS, hRARa and which can potentially bind with the ligand-binding 
hRAR^, (2) a DNA-bindmg domain selected from the domain region of the chimeric protem coded for by the 
group of wild-type receptors consisting of hGR , hMR, chimeric gene. To determine which of these ligands can 
HERRl, hERRz, rTRa, hTsct, hTayS^iRARa and functionally complex with the chimeric receptor pro- 
hRARft and (3) a Hgand-bmdmg domain selected from 30 tein, induction of the reporter gene is monitored by 
the group of wild-type receptors consistmg of hGR, monitoring changes m the protein levels of the protein 
hMR, hERRl, hERPz. rTRa, hTao, hTsjS, hRARa and coded for by the reporter gene. (For example, if lucifer- 
hRAR^S, wherein any one chimeric receptors will have ase is the reporter gene, the production of luciferase is 
N-terminus, DNA-binding, and ligand-binding domains indicative of receptor-regulated gene transcription.) 
that originate from at least two different "wild-type 35 Finally, when a ligand(s) is found that can induce tran- 
receptor** sources. scription of the reporter gene, it is concluded that this 

Preferred chimeric receptor DNA's of the invention ligand(s) can bind to the receptor proteia coded for by 
mclude GRR, GRG, GGR, RGG, RGR, RRG, GTT, the mitial sample DNA sequence. This conclusion can 
GTG, GGT, TGG, TGT, TTG, TTR, TRT, TRR, be further verified by testing the bindmg properties of 
RTT,RTR,RRT,GTT,GTG,GGT,TGG,TGT,and 40 the receptor protem, coded for by the initial sample 
TTG receirtor DNA*s, plus the chuneric hybrid recep- DNA sequences, vis-a-vis the ligand(s) that mduce ex- 
tor proteins made by expression of a chimeric DNA of pression of the reporter gene. 

the invention or translation of an mRNA transcribed As those skilled m the art will appreciate, if a cell 
from such a chimeric receptor coding DNA. Preferably already contains (a) a chimeric DNA sequence (Q 
these chimerib receptors will have activity that exceeds 45 comprised of (1) operative portions of a DNA-binding 
exogenous background binding or transcriptional acti- domain of a first receptor sequence (i.e., a first se- 
vation activity levels m any given cell, or will have at quence) linked to (2) operative portions of a ligand- 
least about 5% of the DNA-binding or transcription- binding domain of a second receptor sequence Ci-e-* a 
activating activity of the corresponding naturally oc- second sequence^ and (b) a reporter nucleic acid se- 
curring receptor DNA-binding domaixi, and/or about 50 quence function^y linked to an operative hormone 
5% of the ligand-bindmg activity of the corresponding response element wherein the operative portions of the 
naturally occurring ligand-binding domain. DNA-binding domain of the first receptor sequence can 

The invention comprises a method for identify- fimctionally bind to and activate the hormone response 
ing functional ligand(s) for receptor proteins. Accord- element that is functionally linked to the reporter se- 
ing to the method, DNA sequences (referred to herein 55 quence, then the method for identifymg a functional 
as the sample sequences) can be isolated which code for ligand for a receptor protein will be comprised of chal- 
recelttor protems and which have at least an operative lenging the ceU with at least one candidate ligand and 
portion of a ligand-bmding domain and a DNA-binding then monitoring induction of the reporter sequence by 
domain. (As £ose skilled in the art will appreciate, not means of changes in the amount of expression product 
all of the DNA sequences m the ligand-bmding domains 60 of the reporter sequence. 

are necessary in order for the domains to be functional. The new functional ligand identification assay makes 
The operative sequences, i.e., those that must be present it possible to screen a large number of potential ligands 
if the domain is to bind ligand, can be identified by orany given receptors, regardless of whether the recep- 
deletion studies on any given domain.) Once the sample &;or is a wild-type receptor or a chimeric one. 
DNA sequences are isolated, a chimeric gene can be 65 The functional ligand identification method is iHus- 
created by substituting the DNA-binding domain re- trated herein by showing (1) that the retinoid, retinoic 
gion in the sample DNA sequence with a DNA-binding acid and its metaboHc precurser, retiaol, are functional 
domain region taken from a DNA sequence coding for ligands for the receptor protein coded for by phRARl 
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DNA, and (2) that the DNA- and ligand-binding do- an estrogen-<iependent fashion (see Green, et al., 

mains determine the functional characteristics of the (1987)). This led us to wonder if a general domam-swap- 

chimeric receptors, ping strategy could te exploited to identify the Ugand- 

The new fimcticmai assay, as well as the new retinoic binding properties of a novel hormone receptor. To test 

acid receptor and the new chhneric receptors, are de- 5 this approach we first substituted the DNA-binding 

scribed more My below. domain of the phRARl gene product with the well 

« ^««-^T-T^^xT described DNA-binding domain from the hGR (FIG. 

DESCRIFnON OF THE INVENTION ^) (TOs chimeric cLtruction, when expressed in 

The Retinoic Acid Receptor suitable host cells, produces a hybrid receptor protein 

In a continuing effort to explore the steroid hormone whose Kgand-binding domam region m^^ 

reS™^^ advantage was taken of the fortu- functional exogenous hgand before the hgand/receptor 

iW^ident^tion of a novel genomic sequence with complex can bmd to a GRE, thereby activatmg a gluco- 

striking homology to the DNA-binding domain of the corticoid inducible promoter,) 

steroid hormone receptors (see Dejean etal, 1986). To assay for the presence of a Actional hgand dxe 

This sequence spans the integration site of a hepatitis B 15 chimeric receptor gene was transfected mto smtable 

virus (HBV) from a human hepatocellular carcinoma. host cells along with a suitable GRE Imked reporter 

To pursue the hypothesis that this gene might code gene. CV-l cells were used for the assay along with a 
for a previously unknown receptor, an oligonucleotide MMTV-CAT reporter gene. (MMTV-CAT is carried 
derived from this sequence was l^ded and used to on reporter plasmid, GM-CAT, which has been depos- 
probe a number ofhuxnancDNA libraries. Hve positive 20 American Type Culture Collection for 
. clones were initially isolated from a testis cDNA li- patent purposes; see the section of this specification 
brary. The insert from one of these clones OhTIR) was labeled, 'T)eposits". As those skilled in the art wiU 
used to isolate additional cDNA clones from a XgtlO appreciate, reporter plasmids suitable for assaymg hy- 
kidney cDNA library. A restriction map of the largest ^^d thyroid receptor proteins, i-e., hybrid proteins hav- 
clone (phRARl) is shown m FIG. lA, Nucleotide se- 25 DNA-binding domain of a thyroid receptor 
quence analysis reveals a long open reading frame of protein, can be constructed by substituting the GRE on 
462 amino acids beginning wifli a presumptive initiator piasmid GM-CAT with a thyroid hormone responsive 
methionine codon corresponding to nucleotides transcription element For example, the growth hor- 
103-105 as shown in FIG. lB-1. The sequence snr- nione promoter can be functionally linked to the bacte^ 
rounding tMsATG agrees with the consensus described 30 ^^^^ g^^^ growth hormone promoter 
by Kozak (1987) for a translation initiation site. Up- contams a thyroid responsive transcription element, 
stream of fee ATG is an in-frame terminator providing ^^^^ ^ reporter plasmid can be used to assay hybrid 
support for the initiator methionme. Another methio- thyroid receptor proteins. See the subheading: "Con- 
nine found 30 codons dovrastr^ fails to conform to 3^^^^,^^^ of Reporter and Expression Plasmids*' in this 
die consensus and is an unhkely imtiaton^ 35 ^g^^^^^ ^^^^^ mmeraiocorticoid receptors can 
terminator codon at position 1489-1491 is a 3 -untran- ^^^^^ ^ ^ reporter plasmid such as GM-CAT 
slated region with a consensus polyadenylation si^ ^ ^^^ mineralocorticoid receptor 
(AATAAA) found 20 nucleotides upstream of a ^^^^ 

polyadenylat^ tr^ (see Proiidfoot, et i^^^ P ^ ^ functional Hgand identification as- 

^ A polypept^eo^e^ative^^^ say, the traifected cells were then systematically chal- 

phRAmwasverifi^U "^£^?f SholS2l^^^^^ 

(see Krieg, et aL, (1984» ^enved from noSl^uding retinoi (Vitamm A) and retinoic acid, 

foundtocorr^ndto^epredictedsizeof^ were evaluated as potenrial inducers. Remarkably, reti- 

not shown). Ammo acid "^^"^J'^l^^ Toic add eUcited a dramatic increase in CAT activity of 

muiic i*i^,wi/w**>. o c ^^Aty activity was observed usmg the parent vector, 

found in a cysteme-nch sequence of 66 ammo acids \Z -i^ ♦^^^ ««^/tTi.*t frrtT« 
beirfnmng at residue 88. Our group has previously dem- 50 pRShRRi«r, or the wdd type gene product from 

oSS ^^fte region of the^GR represents the phRARl h^«n referred 

S^binding domain for this receptor. See Giguere, et ceptor (hRARa). As exp«!ted ^^^^J^^^^^^^^^^^ 

al., (1987) and Hollenberg. et al., (1987). In addition, not mduced by glucocorticoids, and the hGR is not 

mutagenesis and expression studies have provided di- induced by reticle acid. 

rectlddenceforMintranscriptionalactivationofSS ^^^^^.^'^^^^^ 

genes harboring glucocorticoid response elements value of 6xl0iOM on CAT activity mduced by the 

SrEs). See Giguere, et al., (1987) and Hollenberg, et hybrid receptor, which is consistent with ED50 values 

al ms-n observed for retinoic acid m a vanety of biological 

' ^ ^* ^ assays (see Spom and Roberts, 1984). Retinoi functions 
Domain Switchmg and Transcriptional Activation ^ as a weak agonist with an ED50 value greater than 100 

Since the Hgand for the gene product of phRARl was nM. Retinyl acetate and retinyi pahnitate function as 

unknown, it was desirable to develop a quick and sensi- even weaker inducers. A number of natural and syn- 

tive assay to reveal its identity. Previous studies have thetic ligands including testosterone, dihydrotestoster- 

demonstrated that the DNA-bmding domain of the one, estrogen, dexamethasone, Cortisol, aldosterone, 
human glucocorticoid and atrogen receptors can be 65 progesterone, T3, T4. Vitamm D3 and 25-OH-choles- 

interchanged to yield a functional hybrid receptor. This terol failed to induce CAT activity, 

chimera recognizes the glucocorticoid responsive ele-. To corroborate the identity of the pMlARl gene 

ment of the MMTV-LTR but stimulates transcription in product as the retinoic acid receptor, the bmdmg prop- 
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erdes of the expressed product were evaluated follow- Lotan (1980); and Fuchs & Green, (1980). Although 
ing transfectiott of COS-1 cells. As shown in FIG. 3B, early studies focused on the effects of retinoids on epi- 
transfected cells reveal increased capacity to specifi- thelial growth and differentiation, their actions have 
cally bind ^H-retinoic acid. This increase occurs over an been shown to be more widespread than previously 
endogenous background that is a likely consequence of 5 suspected. Many recent studies demonstrate the effects 
the presence ofceDular retinoid bindmg proteins as wen of these molecules on a variety of cultured cell lines 
as a significant non-specific bindmg. Consistent with the including neuroblastomas (see Hausler, et al„ (1983)). 
activation studies, the bmding is fully competed by melanomas (see Lotan, et al., (1983)) and fibroblasts (see 
retinoic acid but only partiaUy by retinol. Thyroid hor- Shroder et aL, (1982)). In the human promyelocyttc 
mones,dexamethasone and vitamin D3 did not compete 10 leukemia cells (HL-60), retinoic acid is a potent inducer 
thebindingofrctmoicacid. of granulocyte differentiation (see Breitman, et al., 

(1980)). In F9 teracardnoma stem cells, retinoic acid 
A Gene Family ^ induce the differentiation of parietal endoderm. 

To determme if the new retinoic acid gene was characteristic of a late mouse blastocyst (see Strickland 
unique and to identify potentially related genes, human 15 &Mahdavi,(1978); Jcttenetal., (1979); and Wang etal., 
DNA was examined by Southern blot analysis. Hybridi- (1985)). Retinoic acid has been shown to exert equally 
zation of restriction endonuclease-digested human potent effects m development For example, in the de- 
DNA with a labeled DNA fragment derived from the veioping chick limb bud, retinoic acid is able to substi- 
codmg region of the hRR gene produced three bands in tute for the action of the polarizing region in establish- 
every digestion consistent with a smgle hybridizing 20 mg the anterior-posterior axis (see Tickle & Eichele, 
genetic locus (FIG. 4A). This hybridization pattern is (1985)). By controlling the exposure to retinoic acid, it 
unrelated to the restriction endonuclease map described is possible to generate novel patterns of limb structures, 
by Dejean et aL (1986) for the HBV pre-integration site. Although retinoic acid is primarily considered a mor- 
However, when the hybridization conditions were re- phogen, Northerr blot analysis suggests a re-evaluation 
laxed, six additional bands were observed in the prod- 23 of its function in tiie adult In humans, retinol deficiency 
ucts of each enzyme digestion (FIG. 4B). These obser- has been linked to an alarming increase in a variety of 
O vations suggested that there were at least one additional cancers (see Moon & Itri, (1984). Retinoids have also 

, p locus, and possibly more, in the human genome related been shown to inhibit tumor progression in animals and 

■ to the retinoic acid receptor. The RAR^ has now been block the action of tumor promoters in vitro. In this 
found. See Brand, et al (1988). 30 context, the hRR may be considered as a negative regu- 

_ lator of oncogenesis. 

^ Expression of the hRR Gene 

W Sinceretinoicacidisknowntoexerteffectsonalarge A Superfamily of Regulatory Genes 

13 number of different cell types, we examined the expres- Two surprising results have emerged from the studies 

F sion ofthe hRR gene. Total cytoplasmic RNAs isolated 35 presented here. Thefirst is the discovery of a family of 

from a variety of rat and human tissues were size frac- retinoic acid receptor-related genes which predicts the 
^ tionated and transferred to a nitrocellulose filter. Hy- existence of one or more other proteins with closely 

« bridization with a 600-bp restriction fragment from related properties (e.g., the RARjS described by Brand 

m- phRARl reveals a major RNA species of 3,200 nucleo- et al, (1988)). Physiologicai studies demonstrate that 

tides vnth highest levels in the hippocampus, adrenals, 40 both retinoic acid as well as retinol (vitamin A) can 
cerebellum, hypothalamus and testis (FIG. 5). Longer exert potent effects on ceUidar differentiation and that 
Id exposure shows that most tissues contain a small amount these effects are often not linked. It thus seems likely 

: of the 3.2 kb transcript while it is undetectable in some that at least one related gene product might be a specific 
^ tissues such as liver. retinol receptor or a receptor for another member ofthe 

PI 45 retinoid family. The second surprising observation from 

^ Retinoic Acid Receptor Data Summary ^ kinship of tiie retinoid receptor 

^ The data disclosed herein identify the gene product with the thyroid hormone receptor. (As we show be- 

of phRARl as a human retmoic acid receptor based on low, the retinoic acid receptor can activate a thyroid 
three criteria. First, the overall structurid homology of response element or TRE; see the section of the specifi- 
the hRR to steroid and thyroid hormone receptors 50 cation labeled "Retinoic Acid and Thyroid Hormone 
(FIG. €) suggests that it is likely to be a ligand-respon- Induce Gene Expression Through a Common Response 
sive regulatory protein. Second, an expressed chimeric Element".) This relationship is surprising in part be- 
reeeptor, consisting of the DNA-binding domain of the cause of the structural dissimilarity of the thyroid hor- 
hGR and the presumptive ligand-bindmg domain of the mones and the retinoids. Thyroid hormones being de- 
hRR acts as a transcriptional regulator of a glucocor- 55 rived from the condensation of two tyrosine molecules 
ticoid-inducible reporter gene only in the presence of whereas, the retinoids are derived from mevalonic acid, 
retinoic add. This induction occurs at physiological The observation that chemically distinct molecules 
levels. Third, expression of the candidate hRR in trans- mteract with receptors sharing common structiires most 
fected cells selectively increases the capacity of those likely reflects a common mode of action with which 
cells to bind retinoic acid. 60 they elicit their particular regulatory effects. Based on 

. tbis analogy, we can now propose that the interaction of 

Development and Oncogenesis retinoids with theu- intracellular receptors induces a 

The retinoids comprise a group of compounds includ- cascade of regulatory events that results from the acti- 
ing retinoic acid, retinol (vitamin A) aaid a series of vationof specific sets of genes by the hormone/receptor 
natural and synthetic derivatives that together exert 65 complex. Although animals employ diverse means to 
profound effects on development and differentiation in control their development and physiology, the demon- 
a wide variety of systems. See Spom & Roberts, (1983); stration that the retinoic acid receptor is part of the 
Mandel & Cohen, (1985); Wolback & Howe, 1925); steroid receptor superfamily suggests that mechanisms 
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controllmg morphogenesis and homeostasis may be RShGRivarand RShTR^ivar-RShGRivx Aas about 75% 
more universal than previously suspected of wild-type DNA-bindmg activity, and RShTR^ivjr 

has about 60% of Wild-type DNA-binding activity. 

The Cis/Trans Functional Ligand 
Identification Assay 

abov^Se secdons of die specfecation labeled '*Defi- The cis/trans functional ligand identificadon cotrans- 



Construction and Characterization 
of Chimeric Receptors 
Construction of chimeric receptor genes is discussed 



nitions", **Summary of the Invention" and "Domain fection assay was used to study chimeric receptors con- 

Switchmg and Transcriptiaiial Activation". In the sec- stnicted by swapping domains between the glucocorti- 

tions that follow, construction and characterization of clod, the thyroid and the retinoic acid receptors. (As 

the chuneric receptors is illustrated by showing con- those skilled m the art will appreciate, the ds/trans 

struction and and characterization of GR/TR hybrids. cotransfection assay can be used to study chimeric re- 

, - , ^. J ceptors made by swapping functional between any of 

Materials and Metiiods wfld-type or genetically engineered receptors.) In 

Cell Culture and Transfection the cis/trans assay, preferably two plasmids are trans- 

CV-1 cells were used as die receptor^ieficient host fected mto a receptor deficient cell line. The first plas- 

cellsthatweretransfectedwithexpressionplasmidsthat mid is used to express die receptor protem (whether 

carry the chhneric RR/TR receptors, and reporter wild-type, chnnenc or geneticaUy engineered). The 

plasmids carrying die CAT reporter gene. Conditions 20 plasmid is used to momtor transcnption f rom a 

Srm>wdi and transfection of CV-1 (African Green ligand or hormone responsive promoter. For the thy- 

monkey kidney) cells were as previously described roid hormone receptor assay, the expression plasmid 

(Giguere et al, (1986)), except that the calcium phos- consists ofthe Rous Sarcoma Virus long terminal repeat 

phate precipitate was left on the cdls for 4-8 hours, at (RSV-LTR) directing die expression of a cDN A encod- 
which time the xedia was changed to DMEM with 5% 25 '^^ ^ thyroid hormone receptor. For die hGR, the re- 

T3 free bovine serum (Scantibodies) mmus or plus porter plasmid is the mouse mammary tumor vkus long 

tO-'^ T3 (Sigma). Cells were harvested 36 hours after termmai repeat (MTV -LTR) fused to the bacterial chlo- 

the addition of T3, and CAT assays were performed as ramphenicol acetyltransferiae ( CAT) gene. To convert 

described by Gorman et al. (19S2). Typically, 5 }xg MTV-CAT to a thyroid hormone responsive reporter, 
reporter and IfJtg expression vector were cotransfected, 3^ an oligonucleotide containing a thyroid hormone re- 

along with 2.5 fig RSV-j3gal as a control for transfec- spouse element (TRE) was inserted at position — 191 of 

tion efficiency. Acetylated and non-acetylated forms of die MTV-LTR. This sequence, - 169 to -200 of die 

[1^] chloramphenicol were separated by thin layer rat growth hormone (rGH) gene, specifically bmds 

chromatography, excised, and quantitated by liquid thyroid hormone receptors and can confer T3 respon- 

scintillation counting in Econofluor (DuPont) with 5% 35 siveness to a heterologous promoter (Glass et al. 

DMSO. ^-galactosidase assays were performed as de- (1987)). Expression and reporter plasmids were cotrans- 

scribed by Herbomei et al. (1984). CAT activity is ex- fected into CV-1 cells and CAT activity was measured 

pressed as percent convenion divided by j3-galactosi- in the absence and presence of T3. The assays showed 

dase activity. that neither the alpha nor the beta thyroid hormone 

. receptor activates transcription firom MTV-CAT, m the 

Construction of Reporter absence or presence of T3. (Data not shown.) However, 

and Expression Plasmids the addition of a TRE produces an MTV promoter that 

SyndieticoHgonucleotides corresponding to -169to is diyroid homone responsive, fodu^^^^ 

-loooftiieratgrowthhormoneg^wasinsertedinto is dependeiU on die cotransfection of a factional 

alinkerscamrinTmntantofMTV.CATthathasaHin- 45 alpha or beto diyroid hormone receptor a^^ 

dni site aTpoItion -190/-181 (Buetti and Kuhnel tion of T3. In die presence of T3, die alpha receptor 

(1986)). Expression vectors were constructed for die (rTRa) mduces CAT activity approxmiately 15-fo^^^ 

thyroid homone receptors by mserting die fuH-lengdi while die beta receptor (hTR^) mduces activity by 

cDNAs of pheA12 (hTR^S, see Weinberger, et al. about 5-foid. 

am) and rbeA12 (rTRo, see Thompson, et al. (1987)) 50 The hybrid diyroid hormone/glucocorttcoid recep- 
between die Kpnl and BamHI sites of die pRS vector tors were constructed to compare die toctional prop- 
(Giguere, et al. (1986) and (1987)). erties of the diyroid and glucocorticoid hormone recep- 
^ ^ V / \ tors. To facihtate die construction of die chnnenc hy- 
Construction of Chimeric Receptors ^jid receptors, unique sites for the restriction enzymes 
The construction of hGROThasbeen described (Gi- 55 NotI and Xhol were inserted flanking die DNAbmdmg 
guere, et al. (1987). To construct KTKffNx, die cDNA domains of hGR and hTR^. These mutant receptors, 
msert of pheA12 (hTRA see, Weinberger, et al. (1985) termed hGROT and hTR^w. can be used to create 
and (1986)) was subcloned between die Kpnl and hybrids Widi all possible combmations of ammo ter- 
BamHI sites of M13mpl9 and mutagenized by die mini, DNA-binding domams, and ligand-bmdmg do- 
method of Kunkel (198^. The oligonucleotide used to 60 mains for these receptors. (As those skSUed m the art 
create the NotI site changed three amino acids: Asp97 will appreciate, comparable plasmids, such as pRA- 
to Arg, Lys98 to Pro, Asp99 to Pro. The oligonucleo- Pajsor or pMRivx for example, can be used to create 
tide used to create the Xhol site changed two ammo chimeric receptors consisting of all possible combina- 
acids: Thrl71 to Leu, Aspl72 to Gly. The mutant re- tions of all functional domains from die various recep- 
ceptor cDNA was then transferred to the expression 65 tors m the steroid hormone receptor superfamily. The 
vector pRS (Giguere, et al. (1986) and (1987)); hybrids receptors and the locations of the various functional 
were constructed by exchanging KpnI-NotI, Kpnl- domains are shown in FIG, 8.) The hybrid and parental 
Xhol, or Notl-Xhol restriction feigments between receptors were assayed using both thyroid hormone and 
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glucocorticoid responsive promoters, in the absence or TREojgr-CAT, induction in CAT activity is observed in 
presence of T3 or the synthetic glucocorticoid dexa- the presence of T3. In contrast, cotransfecdon of an 
methasone. expression vector encoding the human glucocorticoid 

The structures and activities of the hj^rid thyroid/- receptor (pRShGRa) and the same reporter plasmid did 
glucocorticoid receptors are shown m FIG, 9. The 5 not stimulate CAT activity from this promoter ui re- 
receptors are divided into three sections, and hybrids sponse to the synthetic glucocorticoid dexamathasone. 
are named by letters referring to the "origin** of the These results clearly demonstrate that the induction of 
domain; for example, *T-G-T' has the amino and car- cAT activity by RARa is conferred by the TRE be- 
boxyl termini of hTRj3 (t-rT) and the DNA bindmg cause the wild-type MTV-LTR construct was not re- 
domain of the hGR (-G-). Hybrids with a putative 10 sponsive. (Data not shown.) These results also show 
hTRjS DNA binding domain (TTG, GTT, GTG) acti- the hRARa can specifically induce gene expression 

vated transcription from TRE- CAT, while hybrids ^qjjj ^ promoter containmg a TRE, 
with an hGR DNA bindmg dcMuain (GGT, TGG, 

TGT) activated transcription from GRE- CAT. This RAR and GR Chimeric Receptors 

demonstrates that this region of hTR/3 is analogous to 15 ^ discussed above, the modular structure of steroid 
tile hGR DNA bmding domain and is resiwnsiblefor i^q^qj^^^ receptors makes it possible to exchange func- 
promoter recognition. Hybnd receptora with an hXR^ domains from one receptor to anotiier to create 

carbdxyl terminus were activated by T3, while those f^^^j^ionai chhneric receptors. This strategy was used to 
with anhGRoirboxyl termmus were activated by dexa- ^^^^^^ hGR/hRARa chimera tiiat had the RAR DNA- 
methasone. pis is consistent vnth the identifica^^^^ ^ ^ ^ ligand-binding domain, 

the carboxyl termmus as the part of ^ to, ^^t ^ when CV-1 ceUs were cotransfS:ted widi L expres- 
responsible for hormone bmdrng and activation speci. 

ficity. Taken together, tiie functional properties of these ^.^ f^!^ H™metWne <;necirKiallv eHcited 
hybrids support the assignment of tiie DNA-and ligand- T^^^"r^^' dexamethasone specxticaliy eJicited 
uJ^aI^ Ji^Z^tr^rZwr^ nc CAT activity. (Data not shown.) This expenment pro- 

bmdmg domains of hTR^. 25 ^^^^ direct evidence tiiat the DNA-binding domain of 

Retinoic Acid and Thyroid Hormone Induce Gene the hRARa determined the specificity of target gene 
Expression Throuqh a Common Responsive Element activation. 

Identification of a functional retinoic add responsive DETAILED DESCRIFHON OF THE DRAWINGS 
element (RARE) is crucial to our understanding of the 30 ^ j^^^ primary amino acid sequence of 

mechanisms by which retinoic acid receptors activate -hR^. ^ Schematic representation and restriction 
gene expression and regulate cell differentiation. One ^^^^^^ phRARl clone. The stippled box 

impediment to such a study is the absence of any identi- tiie predicted open reading frame. B, (shown 

fied gene whose transcnptoon is directly dependent on 3^3^ j^^^ nucleotide sequence 

tiie retmoic acid receptor-hor^^^^ 35 ^ ^^^^ ^.^ ^ ^^^^^ 

native approach to oc^e a RARE is to systematically ? ^ 

cMengetiiemduabihtyofknoM^ Mrame stop codonL^eotides 85-87 and poly^^^^^ 

sive promoters with retmoic acid receptor produced , i- j f j j 

from cloned cDNA. (As discussed above under tiie , 
heading "The Cis/Trmis Assay", m this system, tran- 40 ^IG- 1 Metiiods. A 63.mer ohgonucleoUde corre- 
Sonal activation from a'^;omoter contaming a ^Pondmg to nucl«3tid« «7 of the genomic se^ 
HRE is dependent on expression of functional receptor q^ence pubhshed by Dejean et al (1986) was used as a 
from cotr^fected expression plasmids m receptoriess hybndi^tion probe to screen a human testis Xgt 10 li- 
cells such as CV-l.) Because tixe DNA-binding domams brary. T^«^yt>nd^t^o« 35% form- 

of tiie retinoic acid and tiiyroid hormone receptors are 45 aimde, X Denh^dfs, 5X SSM^ 
highly related (62% identical m tiieir amino acid se- sutfate (SDS)^ 100 ^g njl- i dc^turated salmon sperm 
quences, see FIG. 6), tiie possibiUty tiiat the retinoic DNA and 10^ c.p.m. ml-» of j^p.labded ohgonucleo- 
acid receptor could activate gene expression tinrough a tide. Duphcate mtrocellulose filters were hybndized at 
TRE was mvestigated- ^- ^> washed three tunes for 20 mm each m 

TRE's are known; see, for example. Glass, et al, 50 2X SSC, 0.1% SDS (1XSSC=150 mM NaCl, 15 mM 
(1987) for a discussion of a cis-acting element in the rat sodium citrate) at 55* C and autoradiographed at -70' 
growtii hormone 5' flanking genomic sequence that is C witii an intensifymg screen. Clone IhTIR obtained 
necessary for thyroid hormone (3,5,3'-triiodo-L-thyro- from tiiis screenmg was partially characterized and tiicn 
mne, T3) regulation. ^ * hybridizmg probe to screen a human kidney 

To test if a TRE could efiectively function as a 55 gtlO cDNA horary (see Bell, et al., (1986)). For this 
RARE, a novel T3 responsive promoter was con- screenmg, the washing conditions were modified to 
structed by replacing the glucocorticoid responsive IXSSC witii 0.1% SDS at 68' C Several cDNA clones 
elements present in the mouse Mammary Tumour were isolated and the longest done, phRARl, was di- 
Virus-Long Termmal Repeat (MTV-LTR) with an gested with a number of restriction enzymes and the 
oligonucleotide encodmg the natural TREgj?. This 60 resulting fragments were subdoned m both orientations 
promoter was then fused to the bacterial chlorampheni- into the M13 sequencing vectors mp 18 and mpl9 and 
col acetyl transferase (CAT) gene to generate the re- sequenced by the dideoxy procedure (see Sanger, et al., 
porter plasmid AMTV-TREg^-CAT. After transient (1977)). DNA sequences were compiled and analyzed 
transfection into CV-1 cells, the inducibility of the pro- by the programs of Devereux et al. (1984) and Staden 
moter was determined by measuring CAT activity. 65 (1982). 

When CV-1 cells are cotransfectd with the expression FIG. X A, Construction of the chimeric receptor 
vector containing a human thyroid hormone receptor hRGR. The domain-structure of the various construc- 
beta (pRShT3R)3) and the reporter plasmid AMTV- tions are shown schematically, the numbers correspond 



a 4.981.784 

to the amino add positions of each domain. The DNA- dimethyl sulfoxide and diluted m ethanol. All other 
binding domains are represented by "DNA" and the products were dHuted in ethanol and control cultures 
ligand-bmding domains by their respective inducers. received 0.1% solvent (v/v) m media. Dose-respome 
The NotI and Xhol sites created by site-directed muta- curves of retinoid treatment were performed in tripli- 
genesis to permit the exchange of the DNA-binding 5 cate. B, Subconfluent COS-1 cells were transfected 
domains between receptors are indicated. B, Induction with 10 ^ig/dish of a control plasmid (pRS) or pRShRR 
of CAT activity by retmoic acid. The expression vec- by the DEAE-Dextran method (see Deans, et al., 
tors were cotransfected mto CV-l cells with the re- (1984)). Cells were mamtained for 2 days in DMEM 
porter plasmid MTVCAT and cultured for 2 days in with 5% charcoal-treated fetal calf serum, then har- 
absence or presence of 100 nM dexamethasone (DEX) 10 vested in TNE (40 mM tris-HO pH 7.5, 150 mM NaCl, 
or retinoic add (RA). The receptor inserted into the imM EDTA) and lysed by Dounce homcgenization in 
expression vectors are: pRShGR, human giucocorti- hypotonic buffer (50 mM tris-HQ pH 7.4, 0.1 mM 
coid rcceptoi^ pRShRR, human retinoic add receptor EDTA, 5 mM dithiothreitol, 10 mM NaMo04, 10% 
pRShRRisor, mutated human retinoic acid receptor with glycerol, 0.5 mM phenylmethylsulfonyl fluoride) and 
Notl and Xhol site^ pRShRGR, chimeric receptor 15 centrifUged at 100,000 X g for 30 min to yield the cyto- 
composed of the human retinoic add receptor which g^j fraction. Incubations were performed in hypotonic 
DNA-bmding domain has been replaced by the human buffer with 150 fig of protein from the cytosoKc fr^c- 
glucocorticoid receptor DNA-binding domain. 2X lO-^M ^H-retmoic add (NEN, 52.5 Ci/m- 

FIG. 2 Methods. A, Restriction enzyme fragments of ^^i^^ ^ ^tai volume of 200 yX. Specific binding was 
the cDNA inserts of phRARl and hOR (see Hollen- 20 jQeasuj-ed by the addition of 2X lO-^M of competitors, 
berg, et al., (1985) were subcloned mto the Kpnl and Reactions were carried out at 4" C. for 16 h. Bound 
BamHl sites of the mpl9 vector and mutagenized ac- afi-retinoic add was quandtated using DE-81 filters, 
cording to the method of Kunkel (1985). The oligonu- Reactions were placed on filters for 1 min and then 
cleotides nsed for the creation of the Noti site within ^ -jj^ 5 ml of washing buffer (50 mM tris-HCl pH 

hGR and hRR were 28 and 31 nucleotides respectively, 25 ^^^^ ^ j ^ EDTA, 0.1 % Triton X-lOO). Filters were 
while the oligonucleotides used for the creation of the ^ counted by liquid sdntillation spectropho- 

Xhol site witinn hGR and hRR were 24 and 23 nucleo- tometry. 

tides. The creation of the Notl site resulted in die muta- Southern blot analysis of human genomic 

tion of Pro4i6 to an Arg residue in hGR^, and in tiie Human placenta DNA was digested vdth the 

mutation of Heg^ and Tyrss to Pro r^dues m bRR^ 30 -^^^^^^ restriction enzymes. After separation of the 
The mtroduction of the Xhol site dtd not alter fee ^^^^^ j^^A m a 0.8^^ agarose gd (10 fig^Oane) and 
hGRi«$ramino add sequence but resisted inthe muta- ^^^^^ nitrocdlulose filters (see Southern, (1975), 
tion of Lysiss to a Leu r^idue m ^Rnx^ The mutant ^^^^^ ^^^^ hybridized witii an EcoRl X Pvun frag- 

receptorsweretiientranrfenedtodiee^^^^^ ment from phRARi(>^ 600 bp) encompassing the DNA- 

pRS (see Giguere. et al (1986), and tiie Notl/Xhol 35 ^^^^^^^^f^j^^der high stringency ^^^^ 
restacbon fragment of pRShQ^^ ditions (50^. formamide, 5X SSPE. IX Denhardt's, 

DNA-bmdmg domam was mtroduced f P^^^ o.l% SDS, 100 ;ig ml-^ sahnon sperm DNA). The 
between tiie Notl and Xhol sites to cr^te pRShRGR washed in 0.X SSC, 0.1% SDS at 65' C. 

B,CeUtransfection and CAT assay, llie^^^^^^ SrH^Sn DNA markers (size in Kb) are ali^^^ 

DNA constructs (5 ^ig each) were mtroduced mto 40 ^^^^ ^^toradiogram. B, Analysis of human pla- 

CV-1 cells by caldum phosphate coprecipitation (see '^^^^^^^^L Sme probe as in A mider non- 
Wigler, et al., (1979)VThe cells were then jult^^^^ SenJJtnS^^ identical 
two days in serum fi«« ^f? ?^PP^*^^*^*^ 3« was hybridized as in A, except that 35% form- 

SS<^^^S^-r"^ ^^ew^uJ-lliefil^ 

M^^^^ ^"nt^l^j^thor^oS^ 

mr?^ A no<«-resnonse to retinoids CV-l cells 50 ous tissues using guanidme tiiyocyanate (see Chirgwin, 
cowit^' S^pSr aS^S?^^^^ wS et al., (1980), separated on 1% ag^c^e^^del^e 
Sd ^th increas^g concentratio,^ of retinoids or a geU transferr^^ o mtrocelMose, and hybnd^ed imder 
S^ l uM dose (*) If testosterone, dihydrotestoster- ^^"?g«^* «f 

Zl estrSgen, Cortisol, aldosterone, progesterone, triio- ^wen^r^gof tot^RNA was i^ed mail lanes. Migra- 
dKon^e Cr3), thyroxine CT^ dihydroxy-vitamin 55 tionofribosoma^RNA*s(28Sand 18S)aremdicated 
D3(VD3) and 25-OH-cholesteroL The levels of CAT size markers. The mtroceUulose 
activity were plotted as percentages of tiie maximal filter was autoradiographed at -70 C. witiianmten- 
response observed in this experiment. B, Retinoic acid sifying screen for 1 week. 

bindhig to cytosol extracts of transfected COS-1 ceUs. FIG. 6. Schematic ammo acid comparisons of the 
Bars represent bound 3H-retinoic add determined m 60 hGR, hRR and hTsR^ structures. Ammo acid sequen- 
absence (black bars) or presence (stippled bars) of a ces have been aHgned schematicaUy with the percent- 
1000-fold excess of various competitors. The values age ammo acid identity for each region of homology m 
represent the mean of quadruplicate determinations. the mtervals between dotted Imes. 
Competitors are retinoic acid (RA), retinoL (R), T4, FIG. 7 is a schematic diagram of a generahzed ste- 
dexamethasone (DEX) and vitamin D3 (VD3). 65 roid/tiiyroid/retinoic acid receptor gene, showmg tiie 

FIG. 3 Methods. A, CV-l cell cotransfections and division of the gene into regions A/B, C, D, and E. The 
CAT assays were performed as described in FIG. 2. function of the A/B region is just beginning to be eluci- 
Retinoic acid was dissolved in a minimum volume of dated; tiie C region encodes the DNA-binding domam; 
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the D region is believed to be a hinge region; and the E 
region encodes the ligand-bindmg domain. 

FIG. 8 is a schematic drawing that shows amino acid 
comparison of members of the steroid hormone recep- 
tor superfamily. Primary ammo acid sequences have 
been aligned on the basis of regions of maximnm amino 
acid sindlarity, with the percentage amino acid identity 
indicated for each region m relation to the hGR (NiGIIer 
et al., {1985X Domains shown are: a domain at the NH2- 
terminai end that is reqnired for "maximmn activity"; 
the 66- to 68-anuno acid DNA-bindlng domain core 
(**DNA"); and the 250-aniino acid ligand-binding (or 
hormone-binding domain) ("Hormone")- The amino 
acid position of each domain boimdary is shown. Amino 
acid numbers for. all receptors represent the hnxan 
forms with the exception of v-erb-A and E75 (Segravcs, 
1988). Functional assignments have been determined by 
characterization of the glucocrxticoid and estroqen 
receptors. Designations are as follows: GR, glucocorti- 
coid recepton MR mineralocorticoid receptor; PR, 
progesterone receptoi^ ER, estrogen receptoi^ ERRl or 
ERR2^ estrogen-related 1 or 2; VDR, vitamin D3 recep- 
tor; and TzKfi and TiRa, thyroid hormone receptors. 
The {+) or (-) indicates whether a particular property 
has been demonstrated for the products of cloned re- 
ceptor cDNA or with purified receptor, HRE, hor- 
mone response dement. This relates to whether the 
binding site has been identified structurally and whether 
its enhancement properties have been demonstrated by jq 
gene transfer studies. For PR, DNA-binding properties 
have been shown only with the native purified receptor. 
"Hormone binding m vitro** indicates whether this 
property has been demonstrated by translation in a 
rabbit reticulocyte lysate systan ^ollenberg et al, 35 
1985). "Hormone binding in vivo** refers to expression 
of the cloned receptor in transfected cells. "Chromo- 
some" indicates the human chromosome location. Spe- 
cies ar6 as follows: h, hnman; r, rat; m, mouse; c, 
chicken; and d, Drosophilia. 40 

FIG, 9. Structure and activity of chhneric thyroid/- 
glucocorticoid receptors. 

FIG. 9 Methods. To construct hybrid receptors, 
unique NotI and Xhol sites were inserted flanking the 
DNA binding domains of the hGR and hTR)3. Hybrids 45 
were created by exchanging the ^propriate segments 
of the receptor cDNA's. "DNA" indicates the DNA 
binding domain; "T3/T4" and "Cortisol" indicate the 
ligand binding domains of hTR^ and hGR respectively. 
The numbers above the boses indicate amino acid resi- 50 
dues. Hybrids are named by letters referring to the 
origin of the domain; for example, "TGT* has the 
amino and carboxyl termini of hTRfi and the DNA 
binding domain of the hGR. All receptors were assayed 
on TRE-M CAT and GRE-M CAT m the absence and 55 
presence of T3 and the synthetic glucocorticoid dexa- 
methasone ("dex"). All of the combinations shown gave 
activation above background. 
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